Abstract: Patients with antineutrophil cytoplasmic autoantibody associated vasculitis (AAV) have a high prevalence of infection during immunosuppressive therapy, and the total lymphocyte count (TLC) has been demonstrated to be an independent predictor of infection. The current study investigated the value of the TLC and its subsets, particularly the CD4 count, for predicting infections of AAV in a single Chinese cohort.
INTRODUCTION
A ntineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) comprises granulomatosis with polyangiitis (GPA), microscopic polyangiitis (MPA), eosinophilic granulomatosis with polyangiitis (EGPA), and renal-limited vasculitis (RLV). AAV is characterized by pauci-immune necrotizing small-vessel vasculitis and glomerulonephritis, combined with granulomatous inflammation in the airways in GPA and EGPA. The presence of ANCA is a hallmark of AAV. The main target antigens of ANCAs in the AAV are proteinase 3 (PR3) and myeloperoxidase (MPO).
Untreated AAV has a poor prognosis, with a mortality of approximately 80% in the first year. The introduction of cyclophosphamide and corticosteroids substantially improves the prognosis, 1,2 with cumulative survival rates at 1 and 5 years of approximately 82% and 76%, respectively. 3 Nevertheless, secondary infections, rather than active vasculitis, have become the main cause of early mortality. 4, 5 Therefore, identifying risk factors for infection is of great clinical significance.
A variety of markers, including serum IgG concentration, 6 ,7 leukocyte count, [6] [7] [8] neutrophil count, 4,7,9 total lymphocyte count (TLC), 7, 10, 11 lymphocyte subsets count 7, 12 and cytokine release, 13 have been investigated to evaluate the immune status and infection risk of the immunocompromised population with different conditions. Among them, the TLC and CD4 count are commonly used as markers of immune status in predicting opportunistic infections in HIV-infected patients and Pneumocystis pneumonia infection in other immunocompromised populations. [13] [14] [15] [16] The CD4 count has been confirmed to be superior to the TLC in HIV-infected patients. 14 Whether this finding is also the case for predicting the overall infectious complications in AAV was unclear, although lymphopenia has been identified to be an important risk factor for infection in AAV patients. 10, 11 Therefore, the current study aimed to investigate the role of the CD4 count in predicting infections in AAV and to compare its predictive value with that of the TLC.
METHODS

Study Population
A total of 444 patients with ANCA-associated vasculitis were diagnosed at the Institute of Nephrology, Peking University First Hospital from December 1997 to October 2013. All patients met the Chapel Hill Consensus Conference nomenclature for AAV. 17 The exclusion criteria were defined as follows: (1) patients with negative ANCA serology; (2) patients with EGPA, which is increasingly considered a distinct type of AAV with different manifestations and outcomes compared to GPA, MPA and RLV; 18 and (3) patients with secondary vasculitis, such as propylthiouracil-induced ANCA-associated vasculitis, or with comorbid renal diseases, such as anti-glomerular basement membrane (GBM) disease, IgA nephropathy, diabetic nephropathy, lupus nephritis, or membranous glomerulopathy. By these criteria, 14 patients were excluded. Among the remaining 430 patients, 59 were excluded because of uncertain outcome status, that is, clinically suspected infection without microbiological confirmation, and then 247 were excluded because their CD4 counts were not measured. Therefore, there were a total of 124 patients recruited in the current study. The details for recruitment are shown in Figure 1 . This research was conducted in compliance with the Declaration of Helsinki and was approved by the ethics committee of our hospital. Informed consent was obtained from each patient.
Treatment
The treatment protocols have been described previously. 19, 20 The induction therapy included corticosteroids in combination with cyclophosphamide (CTX). Oral prednisone was prescribed at an initial dosage of 1 mg/kg/d for 4-6 weeks, with a reduction of the dose over time to 12.5-15 mg by 3 months. CTX was administered orally at a dose of 2 mg/kg every day or intravenously at a dose of 0.7 g/m 2 once a month. The dose of CTX was reduced by 25% for patients who were over 65 years in age, those who developed leukopenia (less than 4000 cells/mm 3 ) or those with renal insufficiency. Patients with acute renal failure or pulmonary hemorrhage received 3 pulses of intravenous methylprednisolone (7-15 mg/kg/day) before the above standard induction therapy. Patients with severe pulmonary hemorrhage received plasma exchanges. For maintenance therapy, daily oral azathioprine (AZA, 2 mg/kg/day) was given.
Follow-Up
Patients were followed in our out-patient clinic for AAV patients at regular intervals of approximately 1 month during the induction therapy and approximately 3 months during the maintenance therapy or whenever clinically indicated. Clinical and laboratory data were collected at the time of diagnosis and during follow-up. The overall outcomes were not available for 4 patients (4/124, 3.2%), and they were also included as rightcensored data in the survival analysis because they were all followed for more than one year.
Measurements
ANCA tests were performed by both an indirect immunofluorescence (IIF) assay and an antigen-specific enzyme-linked immunosorbent assay (ELISA). A standard IIF assay was performed according to the manufacturer's instructions (EURO-IMMUN, Lübeck, Germany). In the antigen-specific ELISA, two ANCA antigens, PR3 and MPO, were used in solid-phase assays. The disease activity was assessed using the Birmingham Vasculitis Activity Score (BVAS).
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CD4 counts were performed using a Becton Dickinson FACSCalibfur (Becton Dickson Immunocytometry Systems, San Jose, CA). The TLC was easily obtained from the routine complete blood count (CBC). Because the TLC and CD4 counts were not performed with uniform intervals in each patient, 3 sets of simultaneously measured TLC and CD4 counts from typical time points were chosen to be included in the survival analysis of major infection, that is, at baseline before immunosuppressive therapy, at the beginning of immunosuppressive dose reduction, and at the last follow-up visit before infection or censoring (substitution of the second time point by the third one was allowed in patients with a very early infection). The first and second time points were chosen to reflect the intense immunosuppressive therapy during the induction therapy, which may predispose patients to infection. The measurement from the last visit was selected because it is the most up-to-date measurement and should theoretically be the most reflective of the current immune status.
Outcome Variable
We assessed the first major infectious episode during follow-up as the outcome. Infections were documented by clinical evidence with microbiological confirmation, such as cultures of pathogens from normally sterile sites, positive microscopic visualization, positive antigen or antibody detection test and positive polymerase chain reaction for the suspected microorganism. 22 Major infectious episodes were defined as those requiring hospitalization or treatment with intravenous and/or prolonged antibiotics, as previously described 23 (hereinafter referred to as ''infection'' unless noted otherwise). Additionally, herpes zoster recurrences were also considered major infections as they reflected consistent treatment-induced immunosuppression. 23 Mild infections, such as rhinitis or bronchitis, were not considered major infections. In the cause-specific Cox analysis for infection, the outcome was classified as a bacterial or non-bacterial infection, where bacterial infection referred to infections with solely bacterial pathogens and non-bacterial infection included fungal, viral or mixed infections (with or without concomitant bacterial infection, as long as one fungal or viral infection was documented).
Statistical Analysis
Quantitative variables were expressed as the mean AE SD (for data that were normally distributed) or as the median with interquartile range (for data that were not normally distributed), and were compared using the t-test (for data that were normally distributed) or the Mann-Whitney U test (for data that were not normally distributed). The normality of distribution was tested with the Shapiro-Wilk test. Qualitative variables were reported as frequency (percentages), and were compared using the chisquare test (or Fisher exact test when appropriate). KaplanMeier curves were used to demonstrate the survival associated with the major infections. Cox proportional hazard models were used to analyze risk factors for infection, and the Anderson-Gill model, as an extended Cox model, was used to include timevarying covariate. The predictive value of these models was assessed by concordance or time-dependent area under the receiver operating characteristic (ROC) curve (AUC(t)).
As there was a large amount of variability in the CD4 count and TLC, they were log 10 transformed to stabilize the variance 23 (abbreviated as log 10 TLC and log 10 CD4 count, respectively).
To evaluate the influence of missing CD4 count data, missing pattern analysis was performed in the whole cohort of 371 AAV patients (124 patients with a CD4 count and 247 patients without a CD4 count) with t test, Mann-Whitney U test and univariate binary logistic analysis (see Supplemental Digital Content 1, http://links.lww.com/MD/A267, which demonstrated the results of univariate binary logistic analysis and t test). The identified factors associated with the missing of CD4 count data were then analyzed for their role in predicting infection with univariate Cox analysis. Additionally, the CD4 count was included as a categorical covariate with a special value indicating that the CD4 count was missing in the multivariate Cox analysis in 371 patients to evaluate its association with infection (see Supplemental Digital Content 1, http:// links.lww.com/MD/A267, Table 2 , which demonstrates the results of multivariate Cox analysis).
The impact of the exclusion of patients with uncertain outcome status was examined by repeating the Cox analysis in a larger dataset, which added those clinically suspected infections lacking microbiological evidence to the endpoint of overall major infections.
To investigate the independent predictive value of TLC or CD4 count for infections, we first included the measurements from the last visit before infection or censoring, which intuitively should be more closely related to the immunosuppressive status at that time. We performed univariate Cox analysis for infection in 124 patients with complete CD4 count data, the variables included were the CD4 count and TLC collected at the last follow-up visit before infection or censoring, baseline demographic data, vasculitis classification, ANCA types, initial BVAS value, initial creatinine clearance rate (CCr), organ involvement at presentation, prophylactic trimethoprim-sulfamethoxazole (SMZ/TMP) use, and immunosuppressive therapy regimen. Parameters associated with infection at P < 0.1 on univariate Cox analysis, as well as those reported in the literature, were entered into a multivariate Cox proportional hazards model (forward conditional) to quantify independent predictors of infection (verified using a backward conditional model). The results were expressed as the hazard ratio (HR) with a 95% confidence interval (CI). Furthermore, we replicated the multivariate Cox model with the CD4 count or TLC measured at two other typical time points, that is, at baseline before the initiation of immunosuppressive therapy and at the beginning of dose reduction. The decrease of CD4 count or TLC from the baseline to the second time point or to the last visit was also calculated to replicate the multivariate Cox models. In addition, we also fitted the Anderson-Gill model to include the CD4 count or TLC as a time-varying covariate (with measurements from the 3 above-mentioned time points). These multivariate Cox models were then compared by their concordance. The potential interaction of time with the CD4 count or TLC was examined by the test of proportionality with the cox.zph function of the survival package in R software.
To compare the ability of the CD4 count with TLC for predicting infection, the AUC(t) of these two markers measured at the most predictive time point were estimated and compared in Kaplan-Meier analyses. 24 The AUC(t) of this cumulative/ dynamic time-dependent ROC curve quantifies how well a marker can distinguish subjects who fail by a given time from subjects who fail after this time. 25 The results were expressed as the AUC(t) with a 95% point-wise CI and standard error (SE). The difference was considered significant if the P value was <0.05. Cutoff values for the CD4 count and TLC in the KaplanMeier analysis for infection were also calculated using a method that defines the most significant (log-rank test) split or the minimal P value. 26 Then, the analyses for infection risk were repeated for different pathogens, that is, bacterial infection and non-bacterial infection, by Cox models with competing risks. In these analyses, controls were defined as subjects that were free of any event (e.g., in the analysis of non-bacterial infection, the patients with bacterial infections were not included as the uninfected controls but rather only used for estimating weights of the probability of each case being observed in the survival analysis).
The Cox regression analysis of major infections and the comparison of the predictive values of the TLC and CD4 count with AUC(t) was performed with R software (version 3.0.2). Additional analysis was performed with the SPSS statistical software package (version 13.0, Chicago, IL).
RESULTS
General Data of the Patients
Among the 124 patients with AAV, 56 were male and 68 were female, with a median age of 66 (range 16-89) years at diagnosis; 113 (91.1%) of them were MPO-ANCA positive, whereas the other 11 (8.9%) patients were PR3-ANCA-positive. According to the Chapel Hill Consensus Conference definition, 74 of the 124 (59.7%) patients were classified as having MPA, 38 of the 124 (30.6%) were classified as having GPA and 12 of the 124 (9.7%) were classified as having RLV. The average duration of follow-up was 11.5 (range 0.5-142) months. The detailed general data at baseline are summarized in Table 1 .
The infection-free survival curve of the AAV patients was especially steep within the first 6 months after the initiation of immunosuppressive therapy (Figure 2 ). In fact, 38 out of the 55 infection episodes (69.1%) occurred within the first 6 months, and by 2 years of follow-up 44 out of 55 infections (80.0%) had happened.
The pathogens and sites of infection were also analyzed. Bacterial infection was the most common cause of the infectious episodes (37/55, 67.3%), including 2 cases of tuberculosis. Fungal (7/55, 12.7%) and viral (4/55, 7.3%) infections were the second and third most common cause of infection. In addition, 7 of the 55 (12.7%) episodes of infection were caused by mixed pathogens. Among the fungal or mixed infections, 5 were caused by Pneumocystis jiroveci. Regarding the sites of infection, pulmonary infection was the leading site (41/55, 74.5%), followed by genitourinary infection and sepsis (5/55 and 4/55, respectively) ( Table 2 ).
Survival Analysis for the Overall Infection
Univariate Cox analyses for risk factors of the overall infection were performed both in the cohort of 247 patients without CD4 count data from their last visit and in 124 patients with CD4 count data, and the results were similar to one another (see Supplemental Digital Content 1, http://links.lww.com/MD/ A267, Table 1 , which demonstrates the results of the univariate Cox analyses). Candidate parameters which were entered in the multivariate survival analysis included age, gender, disease classification, gastrointestinal involvement, initial creatinine clearance (CCr), pulmonary interstitial fibrosis, pulmonary nodule or cavity, pulmonary hemorrhage and the log 10 TLC or log 10 CD4 count measured at the last visit before infection or censoring. Due to the close correlation between the log 10 TLC and the log 10 CD4 count, these two parameters were submitted separately to the multivariate survival analysis using different models (model A and model B, respectively) (n ¼ 124). In model A, which included the log 10 TLC rather than the log 10 CD4 count, lower initial CCr (for per 10 ml/min increase, HR ¼ 0.899, 95%CI 0.814-0.994, P ¼ 0.04), the presence of pulmonary interstitial fibrosis (HR ¼ 1.822 95%CI 1.013-3.277, P ¼ 0.05), the presence of a pulmonary nodule or cavity (HR ¼ 2.680, 95%CI 1.422-5.049, P ¼ 0.002) and a lower log 10 TLC (TLC measured per 1 Â 10 9 /L increase, HR ¼ 0.361, 95%CI 0.128-0.999, P ¼ 0.05) were found to be independent risk factors for overall infection. In model B, which included the log 10 CD4 count rather than log 10 TLC, lower initial CCr (for per 10 ml/min increase, HR ¼ 0.886, 95%CI 0.804-0.979, P ¼ 0.02), the presence of pulmonary interstitial fibrosis (HR ¼ 1.850, 95%CI 1.029-3.326, P ¼ 0.04), the presence of a pulmonary nodule or cavity (HR ¼ 2.781, 95%CI 1.472-5.257, P ¼ 0.002) and a lower log 10 CD4 count (CD4 count measured per 1 Â 10 9 /L increase, HR ¼ 0.279, 95%CI 0.132-0.592, P < 0.001) were found to be independent risk factors for overall infection (Table 3) .
Then the multivariate Cox analyses were also repeated for the CD4 count and TLC measured at the other two abovementioned time points, for the decreases between the time points, and for the time-varying form of the CD4 count and TLC. The comparison of the concordance of these Cox models confirmed our assumption that the most up-to-date measurement from the last visit was the most predictive of the impending infection (see Supplemental Digital Content 2, http:// links.lww.com/MD/A267, Tables 2-3, which illustrate the results of above-mentioned multivariate Cox models).
Comparison of the TLC and the CD4 Count for Predicting the Overall Infection
To compare the values of the TLC and CD4 count from last visit to predict the overall infection, the AUC(t)s of TLC and CD4 count were estimated and compared continuously on a plot. Since most of the infections had happened by 2 years of follow-up, the comparison of the AUC(t)s was also demonstrated at 5 arbitrarily chosen but typical time points of follow-up visits in the first 2 years, that is, at the 3rd, 6th, 9th, 12th and 24th month after the initiation of immunosuppressive therapy (Figure 3) . The predictive value of the CD4 count measured by the AUC(t), which ranged from 62.8% to 70.2%, was almost always higher than the predictive value of the TLC (range 55.2-58.1%) during the first 2 years of immunosuppressive therapy (P ¼ .01-.2) (Figure 3) , although the lower border of 95% point-wise CI of the DAUC(t) (DAUC(t) ¼ AUC CD4 count (t)-AUC TLC (t)) intersected the zero line occasionally (Figure 4) . Collectively, these results suggested that CD4 count performed better than the TLC for predicting overall infection in AAV patients, particularly during the first 2 years of immunosuppressive therapy. In addition, cutoff values for predicting overall infection can be inferred, which were À0.288 (HR ¼ 0.272, 95%CI 0.154-0.481, P < .001) for the log 10 TLC and À0.783 (HR ¼ 0.297, 95%CI 0.155-0.572, P < .001) for the log 10 CD4 count, that is, 0.515 Â 10 9 /L for the TLC and 0.165 Â 10 9 /L for the CD4 count.
Comparison of the TLC and the CD4 Count for Predicting Causes-Specific Infection Or Clinically Diagnosed Infection
Then, the survival analyses were repeated for causespecific outcomes, and the endpoint was defined as bacterial or non-bacterial infection with microbiological confirmation. The uni-and multivariate Cox analyses showed that both the CD4 count and TLC measured at the last visit before censoring or infection were independent risk factors for non-bacterial infection (data not shown). The AUC(t)s demonstrated that both the CD4 count (range 77.6-82.7%) and TLC (range 69.2-77.7%) had a good value for predicting non-bacterial infection during the first 2 years of immunosuppressive therapy, and the difference between the two markers was not significant (P > 0.1) (Figures 5 and 6 ). In terms of bacterial infection, the univariate Cox analysis showed that lower log 10 CD4 count was an independent risk factor for bacterial infection (CD4 count measured per 1 Â 10 9 /L increase, HR ¼ 0.424, 95%CI 0.180-0.998, P ¼ .05), whereas lower log 10 TLC was not (TLC measured per 1 Â 10 9 /L increase, HR ¼ 0.532, 95%CI 0.154-1.838, P ¼ .3). Therefore, no further estimation or comparison of AUC(t) was conducted.
Furthermore, we repeated the Cox analysis and AUC comparison by reclassifying major infection outcome to include those clinically diagnosed infections without a positive identification of the responsible microorganisms. By this definition, 150 patients were eligible for our analysis, 81 (54%) of which experienced a major infection. Lower log 10 TLC (TLC measured per 1 Â 10 9 /L increase, HR ¼ 0.293, 95%CI 0.129-0.666, P ¼ .003) and lower log 10 CD4 count (CD4 count measured per 1 Â 10 9 /L increase, HR ¼ 0.285, 95%CI 0.153-0.529, P < .001) remained independent predictors of infection in the multivariate Cox analyses, which adjusted for the same covariates as model A and B (data not shown). The predictive value of CD4 count for the first major overall infection as measured by AUC(t) (64.0-72.0%) was also higher than that of TLC (57.1-61.9%) during the first 2 years of immunosuppressive therapy, with a smaller SE (5.4-6.5%) and smaller P value (.01-.1), which corresponded to the enlarged sample size. Collectively, these results suggested that the CD4 count almost always performed better than the TLC at predicting overall infection in AAV patients during the first 2 years of immunosuppressive therapy, which was unlikely the result of either selection or misclassification bias.
DISCUSSION
In our previous studies and studies by other groups, infection is a major cause of mortality in AAV, and the majority of infections occur within the first several months of treatment. 7, 10, 11 Previous studies have demonstrated the important role of leukopenia or lymphopenia in predicting infections in AAV. 7, 10, 11 The CD4 count has been widely used to evaluate immune status and predict opportunistic infections in AIDS patients, as well as to predict Pneumocystis pneumonia infection in other immunocompromised populations. 15, 16 However, to the best of our knowledge, studies of the predictive value of CD4 count for overall infection in AAV patients are rare. Moreover, the pathogen profile of infection in AAV patients was quite different from that in AIDS patients, and the majority of infections in AAV patients were bacterial. 4, 13, 27 Therefore, it is of particular interest to investigate the value of the CD4 count for predicting infection in AAV patients.
In the current study, we found that both the TLC and the CD4 count (expressed as the log 10 -transformed values) measured at the last follow-up visit before infection or censoring were independently associated with the overall infection in AAV patients using separate Cox models and that the predictive value of the CD4 count measured by the AUC(t) was better than e Per one unit increase in the log 10 TLC or log 10 CD4 count with the TLC and CD4 count measured by 1 Â 10 9 /L, measurements were from the last visit.
f Model A and model B refers to the multivariate cox regression model which include TLC and CD4 count respectively.
that of the TLC, particularly during the first 2 years of immunosuppressive therapy. The mechanism responsible for the fact that the CD4 count is a better predictor of overall infection in AAV patients is not fully clarified. CD4þ T cells play a central role in immune protection and orchestrate the full panoply of immune responses to both extra-and intracellular bacteria, fungi, viruses and parasites. [28] [29] [30] Thus, CD4 lymphopenia is commonly regarded as a marker of immunocompromised status. Other subsets of lymphocytes or a combination of lymphocyte subsets could also provide predictive information for infection. In fact, in some studies of immunocompromised patients after kidney transplantation, the CD8 count outperformed the CD4 count for predicting EBV and CMV infection. 31, 32 The predictive value of the CD8 count and the total T cell count for overall infections and non-bacterial infection in AAV patients were also examined in our study, which turned out to be not as good as that of CD4 count (data not shown). This outcome is most likely because that the CD4 count, compared with other lymphocyte subsets, is influenced more prominently with the induction therapy of corticosteroids and cyclophosphamide 13,33 -36 or with the AAV disease itself. 37 Therefore, the CD4 count more directly reflects the degree of immunocompromised status in these patients.
In addition, the analysis of the predictive value for infection of different pathogens showed that both the TLC and CD4 FIGURE 4. Difference in the AUC(t) between the CD4 count and the total lymphocyte count measured at the last visit with a 95% point-wise confidence interval for overall infection. AUC(t) ¼ timedependent area under the receiver operator characteristics curve, TLC ¼ total lymphocyte count in the peripheral blood, DAUC(t) ¼ AUC(t) CD4 count À AUC(t) TLC .
FIGURE 5.
Comparison of the AUC(t) over time for the CD4 count and total lymphocyte count measured at the last visit for non-bacterial infection. AUC(t) ¼ time-dependent area under the receiver operator characteristics curve, TLC ¼ total lymphocyte count in the peripheral blood.
count performed very well in predicting non-bacterial infection. In terms of bacterial infection, the TLC count was not a significant predictor, whereas lower CD4 count had a borderline P value. In the studies of idiopathic CD4 lymphopenia patients, the most prevalent infection was reported to be cryptococcal infection, followed by mycobacterial, candida, and herpes zoster infection. 38, 39 All of these results suggest that the CD4þ T cell and TLC might have a more prominent role in predicting fungal and viral infection than bacterial infection.
The current study has some limitations. First, because patients were retrospectively recruited, a number of patients did not have CD4 count data. Our analysis showed that these data were likely to be missing at random, and neither the factors associated with the missing CD4 count nor the missing data itself was significantly associated with infection (Supplemental Digital Content 1, http://links.lww.com/MD/A267). However, the actual influence of this selection bias is unknown. Second, only the CD4 count and TLC measured at three typical time points and the time-varying covariate derived from these three time points were included in the comparison of their ability to predict infection (Supplemental Digital Content 2, http://links.lww.com/MD/A267), and the duration of the decrease in CD4 count or TLC before infection could not be determined in our study. Further investigation by prospective study with more uniformly and closely monitored TLC or CD4 counts may help to determine the best time point of measurements for infection prediction or may improve the predictive value of including these counts as time-varying covariates.
In conclusion, the TLC and CD4 count were both independent risk factors of overall infection and non-bacterial infection in AAV patients. The CD4 count had a higher predictive value than the TLC for the overall infection, particularly during the first 2 years of immunosuppressive therapy.
